Abstract Assessing the potential for black carbon (BC) and dust deposition to reduce albedo and accelerate glacier melt is of interest in Washington because snow and glacier melt are an important source of water resources, and glaciers are retreating. In August 2012 on Snow Dome, Mount Olympus, Washington, we measured snow surface spectral albedo and collected surface snow samples and a 7 m ice core. The snow and ice samples were analyzed for iron (Fe, used as a dust proxy) via inductively coupled plasma sector field mass spectrometry, total impurity content gravimetrically, BC using a single-particle soot photometer (SP2), and charcoal through microscopy. In the 2012 summer surface snow, BC (54 ± 50 μg/L), Fe (367±236 μg/L) and gravimetric impurity (35 ± 18 mg/L) concentrations were spatially variable, and measured broadband albedo varied between 0.67-0.74. BC and dust concentrations in the ice core 2011 summer horizon were a magnitude higher (BC = 3120 μg/L, Fe = 22000 μg/L, and gravimetric impurity = 1870 mg/L), corresponding to a modeled broadband albedo of 0.45 based on the measured BC and gravimetric impurity concentrations. The Big Hump forest fire is the likely source for the higher concentrations. Modeling constrained by measurements indicates that the all-sky 12 h daily mean radiative forcings in summer 2012 and 2011 range between 37-53 W m À2 and 112-149 W m À2 , respectively, with the greater forcings in 2011 corresponding to a 29-38 mm/d enhancement in snowmelt. The timing of the forest fire impurity deposition is coincident with an increase in observed discharge in the Hoh River, highlighting the potential for BC and dust deposition on glaciers from forest fires to accelerate melt.
Introduction
Washington State has the largest concentration of glaciers in the contiguous United States. Meltwater from these glaciers provides an important source of water resources, accounting for nearly 50% of the May-September runoff in some watersheds. Glacier melt is variable from year to year, with glacier melt contributing a greater amount of water during years when the snowpack is minimal. Glacier melt thus provides a source of water resources that can act as a buffer during drought years [Riedel and Larrabee, 2011] .
As in most alpine regions, glaciers in Washington State are retreating [Riedel and Larrabee, 2011] . While increasing temperatures and reductions in snow accumulation are well-recognized factors contributing to glacier retreat [McCabe and Fountain, 2013; Rasmussen et al., 2000] , another cause is the deposition of light absorbing impurities (LAI) onto snow and glacier surfaces [Painter et al., 2013a] . Snow has the highest albedo of any naturally occurring surface on Earth. When LAI are present, the snow albedo decreases, resulting in greater absorption of solar energy and accelerated snow and ice melt [Conway et al., 1996; Warren and Wiscombe, 1980] . The role of LAI in accelerating snow and glacier melt is an emerging research topic, and few studies have taken place investigating the impacts of LAI on snow and ice melt in the Pacific Northwest. Grenfell et al. [1981] measured LAI in a snowpack in the Cascade Mountains and determined that LAI reduced the albedo, while Clarke and Noone [1985] provided measurements of BC concentrations in old and new surface snow samples from the Olympic peninsula. Conway et al. [1996] applied manufactured BC on the snowpack at Snow Dome on Blue Glacier in the Olympic Mountains and found that BC applied in high enough concentrations to cause a 30% reduction in albedo-increased melting by 50%. More recently, Delaney [2013] measured BC in the seasonal snowpack at Blewett Pass in Central Washington from 2010 to 2013 and on glaciers around Washington State in 2012, and found that BC increased over the spring-summer from its low in the winter snowpack. The higher concentrations during the summer were attributed to increased dry deposition associated with the seasonal increase in the planetary boundary layer height and minimal precipitation. Additionally, in 2012 the Table Mountain wildfire burned the forest surrounding the Blewett Pass seasonal snow study site. In the following winter, BC deposited in the snowpack was at least fourfold higher than prefire, with charred snags the presumed source of the elevated BC.
Forest fires are increasingly recognized as having an effect on snow and glacier melt. In forested areas, snow accumulation and ablation are affected postfire by a reduction in canopy interception, which increases light transmission, alters the surface energy balance, and accelerates snowmelt [Burles and Boon, 2011; Harpold et al., 2014] . In addition to changes in the forest canopy, Gleason et al. [2013] demonstrated that pyrogenic carbon particles and burned woody debris shed from standing charred trees reduce snow albedo, resulting in earlier melt out of the seasonal snowpack. Furthermore, because emissions from forest fires can be transported long distances, forest fires can have far-reaching impacts beyond forested regions. Keegan et al. [2014] recently linked widespread melt of the Greenland ice sheet to Northern Hemisphere forest fires. The impacts of forest fire on snow and glacier melt are of concern, as wildfire frequency, size, intensity and duration are increasing across the western U.S. [Westerling et al., 2006] , and this trend is expected to continue. In Washington State, the area burned by fire is projected to double by the 2040s and triple by the 2080s [Littell et al., 2009] . Despite the linkage between forest fires and snow and glacier melt, little research has been conducted investigating LAI-induced melt from forest fires [Keegan et al., 2014] .
We present the results of a study investigating LAI concentrations in snow and ice conducted on Snow Dome on the Blue Glacier of Mount Olympus in northwestern Washington (Figure 1 ). This site was targeted to further characterize LAI deposition on glaciers in Washington State, and was initially of interest because it is located predominantly upwind of major urban areas, and was thus hypothesized to represent background LAI concentrations in snow and ice in the Pacific Northwest region. However, we observed markedly higher BC and dust concentrations than previously observed in the region that we attribute to forest fire. Herein, we examine the effects of LAI deposition on radiative forcing and accelerated melt on Snow Dome. . While mass balance on the Blue Glacier has been negative since the 1970s, the mass loss is less than on other glaciers in the region [Conway et al., 1999] . Blue glacier has been the focus of numerous glaciology studies since the 1950s [e.g., Conway et al., 1999; LaChapelle, 1959; Rasmussen et al., 2000] . The majority of the snowfall on Blue Glacier occurs between October and May (winter snow accumulation can be in excess of 10 m depth), with the moisture flux coming from the southwest associated with extratropical cyclones [Rasmussen et al., 2000; Waddington and Marriot, 1986] .
Methods

Site Description
Field Methods
A 7.8 m snow/ice core was collected on Snow Dome using a solar powered 5 cm electromechanical ice core drill (icedrill.ch). Surface snow samples from sites spatially distributed on Snow Dome (Figure 1) were collected from the upper 3 cm of the snowpack and stored in 50 mL polypropylene vials or Whirlpak bags. Polypropylene gloves were worn at all times during sample collection. Snow and ice samples were removed from the glacier by helicopter and maintained frozen until analysis.
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Spectral albedo was measured using an Analytical Spectral Devices (ASD) FieldSpec3 spectrometer and a tripod mounted cosine receptor at the sites where surface snow samples were collected. Albedo is the average of 10 up-looking and 10 down-looking measurements. Up-looking spectra are collected by placing the tripod on a flat plate plane parallel to the snow surface, while down-looking spectra are collected by holding the tripod with the cosine receptor parallel to the snow surface. The spectrometer contiguously samples the spectral region between 0.35 and 2.5 μm, with a spectral resolution ranging from 0.003 μm (at 0.7 μm) to 0.01 μm (at 1.4 and 2.1 μm). Some uncertainty can be introduced into the measurement when the down-looking collections are done by hand, as it can be difficult to keep the cosine receptor perfectly level and at the same distance from the snow surface. However, the sensitivity of albedo to this method was fairly low for these measurements, with the broadband albedo from the 10 measurements at each site exhibiting a variance of ±0.0002 and differing by no more than ±0.03 from the average (reported) broadband albedo at each site. A problem with the spectrometer shortwave infrared (SWIR) 2 detector produced noise in the signal across the detectors spectral range (between 1.8 and 2.5 μm), and here we limit the wavelength range used to 0.35 to 1.8 μm. There is little information lost through this restriction, as the majority of irradiance and snow reflectance occurs between 0.35 and 1.8 μm .
Laboratory Methods
In the laboratory, the ice core was sampled at 3-10 cm depth resolution, and the outer section of the core was removed using a ceramic knife and an ice core lathe. The inner section of the core was placed in precleaned polypropylene vials.
Ice core and snow samples were melted just prior to BC analysis. The samples were sonicated for 20 min and stirred with a magnetic stirrer during analysis. The liquid samples were pumped using a peristaltic pump, nebulized using a CETAC U-5000 AT + ultrasonic nebulizer, and the resultant dry aerosol was coupled to the sample inlet on a single-particle soot photometer (SP2). The SP2 uses laser-induced incandescence to determine the mass of refractory BC in individual particles [Schwarz et al., 2006] . Monitoring of liquid sample flow rate pumped into the nebulizer, fraction of liquid sample nebulized and purge airflow rate allows BC mass concentrations in the liquid sample to be determined. Because BC is not nebulized with 100% efficiency, Aquadag standards were used to correct the measured BC concentrations for BC losses that occur during nebulization [Wendl et al., 2014] . The BC concentrations reported herein predominantly represent the mass of BC particles 500 nm diameter and smaller, which corresponds to the size range where the mass absorption cross section of BC particles is greater relative to larger particles, meaning that smaller BC particles absorb light and reduce albedo more efficiently [Schwarz et al., 2013] . Wendl et al. [2014] and Kaspari et al. [2014] provide further details on the SP2 analytical method.
After samples were analyzed for BC, an aliquot was removed from each vial for trace element analysis. Samples for trace element analysis were acidified to 1% HNO 3 using double distilled HNO 3 and allowed to react with the acid for 2 weeks before being refrozen. Trace element analysis was conducted at the Climate Change Institute, University of Maine, using a Thermo Electron Element2 inductively coupled plasma sector field mass spectrometer (ICP-SFMS) [Osterberg et al., 2006] .
The total impurity load in select samples was determined gravimetrically. Melted snow samples (250-600 g for surface samples; 5 g for ice core samples) were filtered through a preweighed 0.45 μm Millipore filter (HAWP02400) using a vacuum pump and dried overnight in a laminar flow hood. The dry mass on the filter reflects the impurity mass of the sample larger than 0.45 μm, with dust assumed to contribute the majority of the dry mass . Organic matter on the same filters was identified via epifluorescence at Miami University using a Nikon LV100 compound microscope with an Intensilight C-HGFI Illumination unit (Endow GFP longpass green filter: exciter HQ470/40 ex, dichroic 495, and emitter 500LP). This filter was chosen because it transmits wavelengths that are ideal for exciting plant organic matter. Photographs were taken with a Nikon Digital Sight DS-Ri1 camera and NIS-Elements v. 3.22.11 with extended depth of focus capabilities. Plant-derived organic matter was limited to pollen from the surrounding forest, and qualitative assessment confirms that the impurity mass was strongly dust dominated. That dust dominates impurity mass is consistent with Takeuchi [2002 Takeuchi [ , 2009 , who reported that organic matter contributes 3-13% of impurity mass. Herein, we treat the total impurity load as dust.
Select samples from the ice core were processed for microscopic charcoal analysis in the Paleoecology Lab at Central Washington University following the methods reported by Eichler et al. [2011] . The samples were placed in 50 mL centrifuge tubes and centrifuged at 3500 rpm for 3 min. The liquid was decanted from the sample vial, silicon oil was added as a mounting medium, and the sample was mixed using a vortex mixer. Using a pipette, the sample was mounted on a slide and examined for the presence of charcoal using a compound microscope at 400X magnification.
Hemispherical reflectance of filtered impurities from the 2011 and 2012 summer horizons was measured between 0.35 and 2.5 μm wavelength with an ASD RTS-3ZC integrating sphere coupled to an ASD FieldSpec3 spectrometer at the Snow Optics Laboratory at NASA's Jet Propulsion Laboratory [Skiles, 2014] . The integrating sphere has a collimated tungsten light source that delivers close to solar irradiance level light, and an internal coating of Zenith ® diffuse polymer material that is a Lambertian reflector over the instrument's spectral range that ensures retrievals are insensitive to directional reflectance features coming from the sample. Reported reflectance is the ratio between the measured reflectance from the sample and that from the Zenith ® diffuse reference standard. The samples were visually optically thick, but due to the possibility of light transmission through the sample and reflectance from the sample filter, the retrievals are used here simply as a relative comparison of impurity layer reflectance.
Modeling
The SNow, ICe, and Aerosol Radiation (SNICAR) model was used to compute the snow spectral albedo Zender, 2005, 2006] for no impurities (clean snow) and snow containing BC and dust (observed snow). SNICAR simulates radiative transfer in the snowpack utilizing theory from Warren and Wiscombe [1980] , which uses Mie theory to calculate single scattering by snow particles and the delta-Eddington approximation [Joseph et al., 1976] for multiple scattering of solar radiation in the snowpack, and the two stream, multilayer radiative approximation of [Toon et al., 1989] . The optical properties for snow particles (grain sizes between 10 μm and 5 mm at 1 μm resolution), BC, and dust in four size bins (0.01-1.0 μm, 1.0-2.5 μm, 2.5-5.0 μm, and 5.0-10 μm) are extracted from lookup tables. In addition to impurity concentration,
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user specified inputs include solar zenith angle and snow properties, number and depth of snow layers, and density and optical grain size within each layer.
In our runs, we treat the snowpack as two layers, with a 3 cm surface layer where impurities are specified, below which lies a 5 m snowpack containing the average impurity concentration sampled across the shallow ice core not including the 2011 summer surface layer (section 3.2). Dust size bin partitioning was based on the particle size distribution from the 2011 summer surface impurity layer, measured with laser light diffraction (Mastersizer 2000) . Particle sizes ranged from~5 to 35 μm, with 3% of volume fraction in size bin 1, 13% in size bin 2, 18% in size bin 3, and 66% in bin 4 (dust particles larger than 10.0 um were included in bin 4). This was the only sample for which a particle size distribution was measured because particle concentrations in other samples were too low to allow a measurement to be made. Thus, we apply the measured particle size to distribution to all model runs under the assumption that summer 2012 dust would be similar. While this assumption introduces uncertainty into modeled albedo, we assessed the sensitivity of the size bin distribution in test runs by shifting the lognormal distribution such that the volume mean peak radius was either 50% larger or smaller and found that the change in albedo was <1% for the dust concentrations sampled in 2012.
We use a measured optical grain size, and density inferred from the mass and volume of surface samples, both collected during the August 2012 field campaign. Optical grain size, which is the radius of the equivalent sphere that returns the same hemispherical flux, is inferred from the ice absorption feature centered at 1.03 microns, retrieved from the contact spectroscopy spectral flux measurements with the field spectrometer [Painter et al., 2007] .
The output from SNICAR is spectral albedo between 0.3 and 5.0 μm at 0.010 μm resolution. Spectrally weighted albedo is estimated by applying this to midlatitude summer solar irradiance modeled from SBDART (Santa Barbara discrete ordinates radiative transfer atmospheric radiative transfer model) [Ricchiazzi et al., 1998 ] at the elevation of Snow Dome, between 0.35 and 2.5 μm at the same 0.010 μm spectral resolution:
where I λ is the modeled spectral irradiance at specified solar zenith angle, α λlai is the modeled spectral albedo with BC/dust at the same solar zenith angle, and λ is the wavelength (μm).
Radiative forcing, in W m À2 , is the difference in albedo modulated reflected flux between the clean and LAI laden runs:
where Δα λ = α clean À α lai , which is the difference between clean snow albedo and dust/BC albedo.
Both SBDART and SNICAR model runs were produced for clear and cloudy sky conditions at an hourly time step. Cloudy conditions were represented in SBDART with a fractional cloud cover of 1 and an optical depth of 10 at 0.55 μm. Solar zenith angles were calculated for the latitude/longitude of Snow Dome between 6:00 A.M. and 6:00 P.M. to represent solar irradiance and snow albedo over a full day. These solar zenith angles capture the majority of daylight hours during late summer. During late August (timing of measurements in 2012) and early September (timing of fire deposition in 2011), the sunrise occurs between 5:00 A.M. and 6:00 A.M. (PDT), solar noon is just after 12:00 P.M., and Sun sets between 6:30 P.M. and 7:30 P.M. At each hour, we calculated the equal weight average of the clear and cloudy forcings, and then integrated over the day to produce all-sky 12 h daily mean radiative forcings.
Results and Discussion
BC and Dust Concentrations in Surface Snow and Measured Spectral Albedo
We use the gravimetric data and the iron (Fe) ICP-SFMS data to infer spatial variations in dust concentrations. Fe was selected as the ICP-SFMS dust proxy because iron oxides dominate light absorption by mineral dust
Journal of Geophysical Research: Atmospheres 10.1002/2014JD022676 [Lafon et al., 2004] . BC (min = 17 μg/L, max = 140 μg/L, average = 54 μg/L, n = 9) and dust proxy concentrations (Fe min = 84 μg/L, max = 728 μg/L, average = 367 μg/L, n = 5; gravimetric min = 24 mg/L, max = 62 mg/L, average = 36 mg/L, n = 4) in surface snow collected on Snow Dome ( Figure 1c) were spatially variable. This is consistent with the spectral albedo measured at seven sites on Snow Dome, with higher concentrations of BC and dust corresponding to lower measured spectral albedo (Table 1 and Figures 1-3 ). Previous researchers have documented high spatial variability of impurity concentrations in surface snow at this site associated with the formation of ablation hollows [Rhodes et al., 1987] .
BC and Fe Concentrations in the Shallow Ice Core
The BC and Fe concentrations measured in the shallow ice core were lower (BC ≤ 1 μg/L; Fe ≤ 6 μg/L) than those measured in the 2012 surface snow, with the exception of a very high concentration impurity layer at 6.8 m depth (BC = 3120 μg/L, Fe = 22000 μg/L, and gravimetric = 1870 mg/L) ( Figure 4 and Table 1 ).
We interpret the high impurity layer at 6.8 m depth as marking the 2011 summer horizon, consistent with previous research that documented the highest LAI impurity concentrations on glaciers in Washington State occur during summer [Delaney, 2013] . During the winter, snowfall is high, which results in impurities being diluted in the snowpack, whereas during the relatively dry summer the impurities are concentrated at the snow surface.
To verify that the 2011 summer layer was located at 6.8 m depth, we determined that 6.8 m of snow accumulated during the 2011 and 2012 winter would remain on Snow Dome in September 2012. We used the approach of Rasmussen et al. [2000] , in which temperature and precipitation data are used to estimate snowfall on Blue Glacier. Based on this approach, snowfall equivalent to 3.7 m water equivalent is accumulated on Blue Glacier during the 2011 to 2012 winter. This is equivalent to 7.4 m snow depth assuming snow density of 0.5 kg/m 3 , consistent with density observations from this time of year [Conway et al., 1996] . While some of the accumulated snow would have ablated during summer, the summer of 2012 had notably above average retained snowpack above 1500 m in this region (M. Pelto, personal communication, 2014) . When accounting for spatial variability in snow accumulation on Snow Dome and errors inherent to the Rasmussen et al. approach, that the 2011 summer horizon is located at 6.8 m depth in the ice core is reasonable.
We exclude the possibility that the high impurity layer recorded in the ice core at 6.8 m depth represents more than 1 year of impurity deposition that coalesced into a single layer. Snowfall during the winters of 2010-2011 and Site numbers correspond to geochemical data presented in Table 1 . Table 1 ). For sites 1 and 2, three SNICAR results are presented corresponding to the gravimetric dust concentration and the three black carbon concentrations measured at these two sites. For site 1, the difference in the three SNICAR runs is not distinguishable due to little variation in the measured black carbon concentrations. (e) SNICAR modeled spectral albedo based on the clean snow, prefire, and postfire scenarios reported in Table 2 based on clear-sky conditions.
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Large Impurity Layer Caused by the 2011 Big Hump Fire
The BC and dust concentrations in the 2011 summer horizon are considerably higher than the maximum measured in the surface snow during August 2012, and in 2011 the contribution of BC to the total impurity load was also higher (Table 1) . Our field sampling on Snow Dome took place the week of 20 August 2012. Thus, in 2012, BC and dust deposition during the rest of August and September was not captured. While this could in part explain why measured BC and dust deposition in 2012 was considerably lower than in 2011, we suggest other factors must have contributed to the high 2011 BC and dust concentrations.
Another possibility is that BC deposited during 2012 was flushed through the snowpack and consolidated at the 2011 horizon. Previous studies have documented that BC can migrate through the snowpack during conditions of melt [Conway et al., 1996; Xu et al., 2012] . While relatively thin (<1 cm) melt layers were observed in the upper 6.8 m of the ice core, visual inspection did not indicate the occurrence of strong melt that would have enabled BC and dust to be flushed over 6 m through the snowpack. Furthermore, the BC concentration measured in the 2011 summer horizon was markedly higher than concentrations typically observed in this region [Delaney, 2013] , and coalescence of 2 years of impurities would not explain the high concentrations observed in the 2011 summer horizon. In investigating other sources of BC that could have contributed to the high 2011 summer horizon, we determined that the 2011 Big Hump fire on the Olympic Peninsula was very likely the source of the elevated BC. Olympus, but atmospheric balloon sounding data from Quillayute (47.95°N, 124.55°W) (Figure 1 ) on the Olympic Peninsula indicates periods of southeasterly winds between 800 and 900 mb on 3, 7, 8 and 10 September that allowed emissions from the Big Hump fire to be transported to Snow Dome ( Figure 5 ). Atmospheric elemental carbon (EC, comparable to BC but is instead thermally defined) at the Makah site from the IMPROVE (Interagency Monitoring of Protected Visual Environments) network, which provides a 24 h measurement of EC every third day, was also elevated on 3 and 9 September, with measured EC on 9 September the highest measured concentration in 2011 during the nonwinter months. Southeasterly winds would enable the transport of BC from the Big Hump fire to Mount Olympus and Makah (Figures 1 and 5) . Additionally, hazy air quality typical of forest fire emissions was observed over Mount Olympus and the surrounding area during 7-9 September 2011 (Figure 6) 
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Geochemical analysis of the ice core supports that the elevated BC concentrations in 2011 originated from forest fire. Microscopic charcoal analysis identified the presence of charcoal in the 2011 summer horizon. Additionally, non-sea salt potassium (nssK) calculated according to [Keene et al., 1986] that is commonly used as a tracer of biomass burning [Engling et al., 2011] was also elevated in the 2011 summer horizon (Figure 4 ). While the forest fire likely contributed to the elevated nssK, some of the nssK likely has a dust source (discussed below).
Measurements with the integrating sphere/spectrometer of impurities spectral albedo for the 2011 summer horizon relative to the 2012 summer horizon also suggest that the 2011 impurity mixture has a higher volume fraction of a dark absorber like BC (Figure 7) . Across the solar wavelengths, dust absorption varies spectrally, while the magnitude of absorption depends upon the mineral composition. In general, dust is ) concentrations from the Makah IMPROVE site, and (c) Hoh river discharge (m most absorbing around 0.3 μm, becomes less absorbing across the visible wavelengths, and then levels out between~0.75 μm and 2.5 μm [Sokolik and Toon, 1999] . Absorption by BC is fairly constant between 0.35 and 2.5 μm and is not considered to be wavelength dependent [Bond and Bergstrom, 2006] . Therefore, the more BC that is contained within an impurity would result in less spectral variation across the visible wavelengths and a decrease in overall reflectance, as exhibited in Figure 7 .
We conclude that the Big Hump fire is the dominant source of impurities in the 2011 summer horizon. Furthermore, the fire impurity radiative forcing may have accelerated melt and in turn reinforced the concentration of impurities. However, because the BC and dust from summer 2011 are concentrated in a single horizon, it is not clear how much of the dust was deposited before, during, or after the Big Hump fire. Previous studies have reported elevated atmospheric Fe concentrations due to forest fire emissions [Guieu et al., 2005] , thus some of the Fe may have originated from Big Hump fire emissions. However, the Fe/Al ratio is not elevated in the 2011 summer horizon, indicating that dust is likely the dominant source of the higher Fe concentrations. At least some of the dust may be related to the fire, as dust emissions are known to markedly increase in burned areas relative to nonburned areas [Whicker et al., 2006] . This is supported by elevated dust concentrations recorded at the Makah IMPROVE site on 9 September 2011 ( Figure 5) , with positive matrix factorization modeling of the Makah IMPROVE data indicating that, on this date, aerosol emissions are dominated by dust and combustion (O. Hadley, personal communication, 2014) . As discussed earlier, this corresponds to the time when southeasterly winds provided a mechanism by which emissions from Big Hump could be transported to Olympus and Makah.
Snow Albedo Reductions and Estimated Radiative Forcing due to Deposition of BC and Dust
The deposition of BC and dust on Snow Dome lowers the surface albedo, causes a positive radiative forcing, and increases melt. Here we investigate the impact of impurity deposition from the Big Hump fire on melt using measured snow properties and radiative transfer modeling.
We assess SNICAR's ability to represent observed conditions by comparing SNICAR spectral albedo results to spectral albedo measured during the August 2012 field campaign (Figures 2 and 3) . These model runs are forced with the solar zenith angle, measured optical grain size, snow density, and impurity concentrations that correspond to the time and location albedo was measured. The SNICAR modeled albedo agreed well with the measured albedo, with the difference between measured and modeled broadband albedo (0.35-1.8 μm) ranging from +0.03 to À0.03, with an average underestimation of <0.001 or 0.3% difference. At site 4, modeled broadband albedo was only 0.002 lower than measured albedo, whereas the largest difference was at site 1, where modeled broadband albedo was 0.03 lower than measured albedo. Differences between measured and modeled albedo were largest across the visible wavelengths (0.35-0.75 μm) and ranged from 0.04 to À0.03.
Differences between measured and modeled albedo can be put in terms of a reflected solar flux error by applying spectral albedo to spectral irradiance modeled with SBDART that corresponds to the time of albedo on average. The visible flux errors ranged from +20 to À15 and were +2 W m À2 on average. The near-infrared flux errors ranged from +6 to À7 and were À2 W m À2 on average. The lower near-infrared errors are attributed to using a measured grain size, whereas the higher variability across the visible is attributed to uncertainty in measured impurity concentrations and/or the optical properties used in SNICAR not coming from this region. Additionally, SNICAR uses a single mass absorption coefficient for BC, but this likely varies with particle size [Schwarz et al., 2013] . Given these results, a reasonable maximum uncertainty for the following radiative forcing results, due to albedo modeling, is ±20 W m
À2
.
To estimate radiative forcing due to deposition of impurities from the Big Hump fire, we used sampled snow properties in 2012 and the 2011 summer horizon BC and dust concentrations. For preforest fire event impurity loading, we use two scenarios, which are based on the surface concentrations and snow properties measured at site 2 (coring site) in August 2012. The first preforest fire scenario is the low impurity scenario that assumes the 2012 impurity loading is representative of summer impurity loading at Snow Dome and is constrained by measurements of concentrations, optical grain size, and snow density (140 μg/L BC, 62 mg/L dust, 520 μm optical grain size, and 500 kg/m 3 density). The second preforest fire scenario is the high impurity scenario, in which the measured August 2012 BC/dust concentrations are doubled to account for additional impurity deposition that may have occurred in late August and September but not have been captured during the 2012 field campaign (22-24 August 2012) ( Table 2) .
Based on our understanding of the 2012 horizon, the 2011 fire likely deposited the majority of BC sampled at the 2011 horizon, but as previously discussed, the timing of dust deposition cannot be similarly constrained; therefore, three postfire radiative forcing scenarios were used for various dust loadings. The minimum estimate uses the same amount of dust measured in 2012 (62 mg/L), the maximum estimate uses the amount of dust measured at the 2011 horizon (1870 mg/L), and the middle estimate uses roughly the average between the two (900 mg/L). Measured BC is held constant across these scenarios, such that variation in postfire radiative forcing is due only to changes in dust concentration. Postfire scenarios use the same measured grain size and snow density as prefire runs, so that radiative forcing comparisons are constrained to absorption by impurities. Given that grain size is enhanced by the presence of impurities, the optical grain radii measured in 2012 were likely smaller than surface grain sizes postfire in 2011, which would make this a conservative estimate of 2011 surface albedo, but this is unknowable. Using measurements at the ice core site alone does not capture spatial variability in impurity deposition that likely existed on Snow Dome in 2011 but nonetheless provides a valuable measurement of impurity deposition from 2011.
Estimates of radiative forcing, the enhanced surface absorption that can be attributed to impurities, require estimates of clean snow albedo. In the absence of impurities, inherent snow albedo is inversely related to snow grain size; and for clean snow scenarios, we model snow albedo using both the smallest (393 μm) and largest (520 μm) measured optical grain radii in 2012. Since postfire and prefire scenarios also utilize 520 μm, the difference between these scenarios represents direct absorption by impurities across the visible wavelengths. The difference in absorption between the impurity scenarios and 393 μm clean snow scenario gives an estimate of both the direct (snowmelt and concentration of impurities are driven by energy absorption of the impurities in snow) and indirect (accelerated grain growth from the direct effect results in larger snow grain size and lower near-infrared reflectance) effects of impurities. We have restricted this analysis to (Figure 8 ).
Depending on the scenario, the postfire forcings were 2-4 times higher than the prefire forcings. The majority of the postfire radiative forcing is attributed to the higher BC content deposited by the fire, as increasing dust from 62 mg L À1 to 900 mg L À1 increases daily radiative forcings by 20 W m
, 15% of the medium scenario radiative forcing, and further doubling that concentration adds an additional 16 W m À2 , 10% of the high scenario radiative forcing.
Impact of BC and Dust Deposition on Melt and Runoff
Using the additional energy contribution to the snowpack due to BC and dust deposition described in section 3.4, we can make a first-order estimate of the impact on snowmelt by doing a simple energy analysis. We must make the assumption that the snow is at the melting point, such that the additional energy is not contributing to raising the temperature of the snow to 0°C. This assumption is reasonable, as late summer observed near-surface snow temperatures on Blue Glacier range between À0.02 and +0.001°C [Harrison, 1975] . In this scenario, we estimate the additional melt from LAI by dividing hourly instantaneous radiative forcing by the enthalpy of fusion of water at 0°C (0.334 × 10 6 J kg À1 ), to return melt in kg m
À2
, equivalent to millimeter of snow water equivalent. This approach is also found in Painter et al. [2013b] for an annual snowpack with a known total snow water equivalent (SWE) to estimate the rate at which LAI radiative forcing would deplete the total snow cover. At Snow Dome the snow cover is permanent, so here we simply want to estimate the degree of increased runoff postfire. Prefire radiative forcing results in an average daily enhanced SWE reduction of 9 mm (prefire low scenario) to 13 mm (prefire high scenario). Postfire radiative forcing results in an average daily SWE reduction of 29 mm (postfire low scenario) to 38 mm (postfire high scenario). Following the magnitude of radiative forcing increase, postfire impurity loading increases prefire SWE reduction by a factor of 2-4.
To see if the postfire increase in SWE reduction was detectable, we examined discharge data from the Hoh River, the catchment river for Snow Dome (discharge data from the United States Geological Survey; Figures 1 and 5) , and local climate data (including air temperature, precipitation, and photosynthetically active radiation data >from the Hoh Rainforest site, Olympic National Park, and Snow Dome temperature data from SuomiNet) [Ware et al., 2000] (Figures 1 and 5) . During the first 2 weeks of September there was no precipitation, so factors other than precipitation cause the observed discharge variations during this time. From 9-13 September 2011 there was a marked increase in Hoh River discharge. The largest daily change in runoff occurred on 9 September, with a daily average increase of 3.7 m 3 /s, which is more than triple that of the next largest change in discharge during this 2 week period. Slight temperature increases that began on 7 September at the Hoh Rainforest site and 8 September at Snow Dome were sustained during the period of greater discharge from 9 to 13 September, suggesting that temperature contributed to the discharge Table 2 .
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increase. However, the increase in discharge that occurred on 7 and 8 September when temperature first increased is moderate. Thus, the higher discharge observed on 9 September and sustained through 13 September resulted either from a delay in temperature driven snowmelt entering the Hoh River or other factors driving the discharge increase. The timing of discharge increase on 9 September corresponds to the estimated timing of BC deposition from the Big Hump fire (Figure 2 ), which suggests that the BC deposition event may have contributed to the observed increase in discharge at this time.
However, this analysis is speculative because in addition to the amount of snow available to melt and snow energy balance, there are a number of factors that influence runoff and discharge including basin hypsometry and snowpack/soil column lags. If we had energy balance measurements (i.e., net shortwave and longwave energy flux, air temperature, wind speed, relative humidity, and precipitation), we could have modeled snowpack accumulation and melt at Snow Dome to assess the impact of impurities on snowpack outflow following an approach similar to that found in Skiles et al. [2012] . Without more knowledge of the hydrology dynamics within the basin, or discharge measurements closer to the pour point of the subbasin containing Snow Dome, it would be difficult to directly correlate the discharge increase to the sampled impurities. Additionally, a small precipitation event on 15 September and a larger one on 22 September prevent us from investigating the impact on runoff over a long time period.
Conclusions
We documented BC and dust deposition on Snow Dome, Mount Olympus that was a magnitude higher in 2011 than 2012, and identified the 2011 Big Hump forest fire on the Olympic Peninsula as the source of the greatly elevated impurity deposition. The forest fire impurity deposition reduced albedo, increased the radiative forcing, and enhanced snowmelt. The timing of impurity deposition from the Big Hump fire was coincident with an increase in observed discharge in the Hoh River that is not related to changes in precipitation or radiation. Our analysis suggests that while an increase in temperature may have contributed to the rise in discharge, enhanced melt by deposited impurities also may have contributed to the discharge increase.
This study highlights the potential for BC and dust emissions from forest fires to be deposited on glaciers and accelerate melt. While prior studies have largely focused on the linkage between forest fire and snow and glacier melt due to changes in the forest canopy [Burles and Boon, 2011; Harpold et al., 2014] , few studies have documented the deposition of forest fire emissions on snow and glaciers. Keegan et al. [2014] documented that widespread melt on the Greenland ice sheet in 2012 was caused by higher temperatures and BC from forest fires that occurred in North America and Siberia, and Kim et al. [2005] suggested that northern boreal forest fires may accelerate glacier melt in Alaska and sea ice melt in the Arctic from BC deposition. The results presented here provide the first linkage of BC deposition from an identified forest fire to enhanced discharge, though more data are needed to solidify this relationship. Additionally, this is the first study to highlight forest fire impacts on glacier melt in the midlatitudes.
In Washington State, high-elevation snowpacks and glacier melt can buffer streamflow during the relatively dry summer, thus the potential for forest fires to affect melt is of interest. This region has a long fire history [e.g., Wendel and Zabowskl, 2009] , and the 2011 Big Hump fire (5.6 km 2 ) (National Park Service). Understanding the linkage between forest fire and melt is of interest, particularly in the context of a changing climate where the area burned by forest fire and fire intensity will increase and continued glacier retreat is projected [Littell et al., 2009; Yue et al., 2013] .
